Runoff generated from the Upper Indus Basin (UIB) mainly originates in the massifs of the Hindukush-Karakoram-Himalaya (HKH) region of Pakistan. Water supply in early spring depends upon the snow accumulation in the winter and the subsequent temperature. Seasonal temperature variations corroborate the contemporary dynamics of snow and glaciers. Recently, there has been increasing evidence of accelerated warming in high mountain areas, termed as elevation-dependent warming (EDW). We have identified trends, analyzed inconsistencies, and calculated changes in the maximum, minimum, mean and diurnal temperature range (T max , T min , T mean , and DTR) at 20 weather stations during four-time series : 1961-2013 (first), 1971-2013 (second), 1981-2013 (third), and 1991-2013 (fourth). We employed the Mann-Kendall test to determine the existence of a trend and Sen's method for the estimation of prevailing trends, whereas homogeneity analysis was applied before trend identification using three different tests. This study revealed that the largest and smallest magnitudes of trends appeared in the winter and summer, respectively, particularly during the fourth data series. T max revealed robust warming at ten stations, most remarkably at Gupis, Khunjrab, and Naltar at rates of 0.29, 0.36, and 0.43°C/decade, respectively, during the fourth series. We observed that T min exhibits a mixed pattern of warming and cooling during the second and third series, but cooling becomes stronger during the fourth series, exhibiting significant trends at twelve stations. Khunjrab and Naltar showed steady warming during the fourth series (spring), at rates of 0.26 and 0.13°C/decade in terms of T mean . The observed decreases in DTR appeared stronger in the fourth series during the summer. These findings tend to partially support the notion of EDW but validate the dominance of cooling spatially and temporally.
Introduction
The High Mountain Asia (HMA) region is mainly classified into three ranges: the combined Hindukush-Karakoram-Himalaya (HKH), commonly known as the "third pole" (TP) due to the massive volume of glacier cover in its high-altitude basins (Yao et al. 2012) . The glacier coverage of HMA provides a huge contribution to riverflow as water supply for millions of people (Immerzeel 2008; Lutz et al. 2016) . The snow-capped peaks, glaciers, and resulting water resources originating from this region comprise the Upper Indus Basin (UIB) in Pakistan, which entails a decisive significance to the interests of this country. The Indus River and its tributaries supply the irrigation system, domestic consumption, and hydropower electricity generation to meet the agricultural and economic demands. South and Southeast Asian rivers are dependent on summer monsoons, while the UIB is reliant upon runoff generated from snow and glaciers (Hasson et al. 2014) . The riverflow generated within this region contributes to approximately 80% of the total annual surface water availability of Pakistan, mainly during the summer (June-September) (Ali et al. 2009 ). Temperature, being the most sensitive parameter, dictates the amount of runoff generated due to either snow or glacier melt particularly in high-altitude regions. The Himalayan mountains have featured increased temperatures at the rate of 0.74°C over the last century, which is more than the global average temperature increase (IPCC 2007 (IPCC , 2013 . The warming of 1.5°C at a global scale will result in a 2.1°C increase within the HMA (Kraaijenbrink et al. 2017) .
The rate of change of temperature and increased greenhouse gasses are proportional to each other at high latitudes, which is a common phenomenon. Recently, evidence of increased rates of warming with increased elevation is growing, and high mountains are more sensitive to temperature change than are low regions due to increased storage of water as snow or ice (Miller et al. 2012; Pepin et al. 2015) . This phenomenon is called "elevation-dependent warming" (EDW). Previous studies have documented a warming intensification globally, especially in mountainous regions Siedal 2005, Rangwala et al. 2010) . The possible warming is attributed to changes in cloud aggregates (Duan and Wu 2006) , radiative forcing related to greenhouse gasses (Rangwala et al. 2013) , surface albedo feedback (Pepin et al. 2015) , and surface heat loss and aerosols (Kraaijenbrink et al. 2017) .
A significant number of studies have been comprehensively carried out over the UIB regarding climate change impacts on streamflows and mass balance. Increasing trends in annual, summer and winter precipitation (Archer and Fowler 2004) were reported during . They found significant warming and cooling in the winter and summer, respectively, within the UIB during a similar data interval (Fowler and Archer 2006) . During the monsoon season, some researchers have found significant cooling trends, with warming during the pre-monsoon (Sheikh et al. 2009 ). Similar trends of warming during the winter while cooling in the summer were observed by Khattak et al. (2011) , but precipitation patterns remained insignificant between 1967 and 2011. However, these studies were based on old datasets and restricted to specific regions. Some authors, such as Bocchiola and Diolaiuti (2013) , have concluded exaggerated warming during the winter and cooling during the summer at Gilgit and Bunji. These authors also noted wetting (insignificant) over Chitral and neighboring north-west Karakoram region, though a drying pattern was observed within the entire UIB. Some recent studies have found warming during the pre-monsoon season rather than during the winter. Latif et al. (2016) found the dominance of significant decreasing precipitation trends spatially and temporally within the UIB.
According to recent studies, eastern and central glaciers experience retreat and present a negative mass balance (Bolch et al. 2012) . The negative mass balance and rapid glacier retreat are consistent with global warming. Conversely, positive mass balance and advancing glaciers have been reported during the last decade in the Karakoram (Hewitt 2005) . This general stability and advancement of glaciers proposed by Hewitt (2005) is called the Karakoram Anomaly, later dubbed the western Kunlun Shan and Karakoram Anomaly, as endorsed by (Kääb et al. 2015) . These conflicting signals are linked with negative trends in maximum and minimum temperature and increasing precipitation. The rate of warming is directly proportional to the elevation as EDW has been introduced globally and especially over the Tibetan Plateau region (Rangwala et al. 2010 ). Thus, a comprehensive analysis of recent temperature trends is required to understand these occurrences over the UIB. The present study enables the trend identification by the Mann-Kendall (MK) test of temperature time series data. The core objective involves an evaluation of current elevationdependent warming/cooling trends within the UIB in light of recent data collected at high altitudes between 1995 and 2013 and at low-elevation climatic stations between 1961 and 2013. This study deals with trend detection in annual maximum, minimum, mean, and diurnal temperatures within the UIB.
Study area
The twenty selected climatic stations within the UIB, including lower-and higher-altitude gauges, were carefully chosen in order to examine temperature variations. This region features a large climatic and topographic variation, including a complex terrain (HKH) encompassing discrete topographical landscapes and conflicting signals of climate change (Archer 2003; Cheema and Bastiaanssen 2012) . The UIB covers an extent of 33°, 40′ to 37°, 12′ N and 70°, 30′ to 77°, 30′ E, crossing national borders. This basin shares its border in the east, west, and north with India, China, and Afghanistan, respectively. The total area under the transboundary basin stretches to 1.12 million km 2 contributing 47%, 39%, 8%, and 15%, respectively, to Pakistan, India, China, and Afghanistan (Aquastat 2011). We marked the boundary of this watershed at the conjunction of the Indus River and Kabul from the Digital Elevation Model (DEM) covering all the selected twenty climatic stations for the present study ( Fig. 1 ). The selected stations range from the lowest station at 254 m (Peshawar) to the highest station at 4400 m (Khunjrab) solely within Pakistan's political boundaries. The stations within this basin encompassed in India and China are not included due to inaccessible data and different hydrology. Although this study was funded by the Chinese Government, the exclusion of the Chinese portion was carried out intentionally due to the several reasons including the minor contribution to the basin and different hydrology and climate of the Tibetan Plateau. The Tibetan Plateau features warming and rapidly retreating (Wang et al. 2008 ) and collapsing glaciers such as the Aru Glacier in Tibet (Tian et al. 2017a, b) , though this was attributed to a surge such as instability rather than to warming (Kääb et al. 2018) , while the Karakoram region exhibits an anomalous behavior of stability and mass gain of glaciers (Gardelle et al. 2012; Minora et al. 2016 ). All of the high-altitude stations in this study represent the Karakoram region in Pakistan, thereby representing UIB rather than covering the same basin by the rest of the countries. The UIB in Pakistan encompasses the major sub-basins of Shigar, Shyok, Hunza, Gilgit, Astore covering the Karakoram, Hindukush, and Himalayan regions within Pakistan. The Shyok River carries major runoff generated from the massifs of Baltoro, Biafo, and Batura glaciers in Baltistan Province and joins the Indus River at Skardu (elevation 2700 m). Similarly, the Gilgit River contributes its runoff to the Indus River at an altitude of 1524 m, the runoff of which is generated from massifs of Nanga Parbat at a point where the gigantic mountain ranges HKH meet. The UIB holds 11% (18,500 km 2 ) of the total area of this basin, which is under permanent ice and glacial coverage (RGI4.0- Pfeffer et al. 2014) . Pakistan holds almost 46% of the UIB; approximately 60% of this region is classified as a cryospheric extent of Pakistan. We have also incorporated the entire Gilgit and Astore Subbasins of UIB, which cover the east portion of Hindukush southeast to the Indus River. We have selected five high-altitude stations that have been set up in this region by Water and Power Development Authority (WAPDA). The purpose of including these stations is to investigate the high-altitude region climate, which sometimes exhibits a different pattern compared to valley regions. These stations also encompass a region of the Karakoram that is famous for its different hydrological and meteorological behavior such as the Karakoram anomaly (Hewitt 2005) . One of the most important steps involves the selection of stations to identify trends in temperature.
Data quality assurance
The data collection procedure in Pakistan is carried out mainly by three organizations, having a limited network of meteorological stations installed within Pakistan's political boundary. These organizat ions are members of the World Meteorological Organization (WMO) and national-level government agencies and strictly follow all the Standard Operating Procedures (SOPs) regarding setting up of gadgets, acquisition, and propagation of data to handlers (Latif et al. 2016) . The Pakistan Meteorological Department (PMD) has installed all instruments according to the criteria established by the Indian Meteorological Department (IMD) in 1891, according to Archer and Fowler (2004) . The (PMD) mostly collects climatological data, and the (WAPDA) is solely responsible for assimilating hydrological data, while the Snow and Ice Hydrology Project (SIHP) is a major project of WAPDA, which maintains data collection from high-altitude regions. This network entails 12 Data Collection Platforms (DCPs), which transmit hourly data via a Meteor-Burst communication system to the central branch (Hasson et al. 2015) . These DCPs are also referred to as Automatic Weather Stations (AWS), which have been installed over the highaltitude region with careful attention to WMO standards. An AWS is generally classified into two additional types by data recording, i.e., real time and archived. This might be either the inclusion of a station that provides data in real time or a station that records data to archive. The selected high-altitude stations are equipped with real-time types of AWS, which promise the transmission of synoptic data and the monitoring of serious situations for declaring an emergency. The core purpose of installing AWS in this region was to establish the homogeneity of networks by standardizing the observation methods. The number of incorrect observations and missing values are minimized automatically by state-of-the-art techniques known as quality control (WMO 1997) . The purpose of achieving quality-controlled data samples is ensured by working out each observation from an equitably huge number of qualitycontrolled data, then the sample that caused the error can be isolated from the error-free observations in order to proceed with an uncontaminated analysis.
A carefully designed set of techniques dedicated to sound maintenance practices, repairs, calibrations, and data quality checks may lead to obtaining high quality, consistent data output (WMO 2004) . There was no approved set of measures or criteria for the various AWS platforms, but it is recommended that such a set of procedures should be developed and documented (WMO 2003b) . Recently, these procedures have been introduced to avoid any uncertainty in data collection and transmission. According to the report (WMO 2004) an AWS usually consists of a resistance thermometer as a temperature sensor, which essentially needs linearization before calibration, as it is recommended that the thermistor characteristics should be linearized. The linearization might be enabled either by suitable circuits in signal conditioning modules or by software algorithms. The radiation effect may contaminate the original reading; to avoid this inconsistency, the sensor should be properly protected from potential radiation impacts. The AWS is equipped with a radiation shield adjusted to the size of the sensor by a naturally ventilated Stevenson screen. Wet bulb effects also cause deterioration at the data acquisition stage, so for an accurate measurement, the radiation shields should be designed by providing manual ventilation having an airspeed of approximately 3 m/s. The necessary precautions are to secure the sensor from entries of drizzle and aerosols (WMO 2003b) .
We have selected twenty climatic stations extending from higher to lower elevations for this study. Locations and physiognomies of the stations are given in Fig. 1 and Table 1 , respectively. The available data from high altitude stations are unable to provide long-term records, as they are usually based on a short data period (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) . The selected locations encompass the most critical areas concerning the climatological and hydrological regime of the UIB. These stations installed within the UIB extend approximately 100 km in a north-south direction from Gupis to Astore, while an extension of approximately 200 km from Skardu to Gupis has been set up in the east-west direction (Hasson et al. 2015) . We have arranged the monthly mean maximum T max , minimum T min , and mean T mean temperatures from the daily values of these variables.
Material and methods
Meteorological variables, such as temperature, precipitation and river flows are important indicators of climate change. These variables tend to reflect warming/cooling trends, thereby enabling us to understand the relationship between hydrology and climate. We selected four climatic variables in terms of temperature by which to obtain trend analysis: T max , T min , T mean , and DTR. We have analyzed trend variability of these variables for four different periods: 1961-2013, 1971-2013, 1981-2013, and 1991-2013. 
Trend identification
Trend evaluation involves the determination of a value of a random variable primarily in terms of increasing/decreasing order within a period in statistical terms (Haan 1977) . Statistically, any trend might be significant or insignificant based on parametric or non-parametric statistical tests. In the fields of climatology and hydrology, a primary concern is to deal with the trends; for this purpose, non-parametric methods are widely employed. Tests such as the Mann-Kendall (MK) (Mann 1945; Kendall 1975 ) test, Spearman rank correlation (Dahmen and Hall 1990) test, and Sen's robust slope estimator (SS) (Sen 1968 ) are used for trends detection and magnitude. Yue and Wang (2004) reported a minor difference between the outcomes based on MK and Spearman rank correlation analysis. Therefore, the MK test and SS method can be employed, respectively, for trend detection and estimation of the magnitude of the trend within any time series (Khaliq et al. 2009 ). We carried out analyses for the time series of mean, minimum, and maximum temperature; these steps involved: (1) applying the Mann-Kendall test for testing the serial correlation effect and (2) trend detection. Kulkarni and Von Storch (1999) reported that most time series investigations involve autocorrelation. During analysis of time series data, the presence of a positive serial correlation (persistence) allows a non-parametric test to present the significance level of a trend. Before applying the MK test, Von Storch and Navarra (1999) suggested pre-whitening to remove the effect of the serial correlation test. Yue and Wang (2004) further improved the pre-whitening technique to trend-free pre-whitening (TFPW) for the time series having autocorrelation. This improved technique for trend identification had been widely applied previously for studies regarding hydrology, climatology and meteorology such as (Yue et al. 2002; Aziz and Burn 2006; Novotny and Stefan 2007; Kumar et al. 2009; Oguntunde et al. 2011) . The present study employs this method to detect trends in temperature observations (x 1 , x 2, .., Xn ), which are examined using the following procedures:
Effect of serial correlation
1. A slope of the increasing/decreasing trend (β) is calculated using Sen's slope estimator. If a time series already has a trend, it is removed before assuming a linear trend as follows:
where (β) is the slope and x 1 denotes the successive data; n presents the length of data.
2. Autocorrelation (r 1) is calculated.
3. Statistical tests are applied to the time series data if the calculated r 1 does not present a significant value at the 5% level. In case of a significant value of r 1 before applying tests, the "pre-whitened" time series is calculated using the following relation given as follows:
where Y i denotes the original time series.
Statistical tests
The MK test is the most commonly used statistical tool for investigating trends in climatological time series (Rio et al. 2005 , Bhutiyani 2007 , Mavromatis and Stathis 2011 , Caloiero et al. 2011 , Tabari et al. 2012 . Some authors also used this test for trends in hydrological time series (e.g., Yue and Wang 2004) . The MK test is useful in trend identification analyses for two main reasons. In the case of this test, time series data should not necessarily be normally distributed. Second, it is insensitive to the data outliers and missing values and less sensitive to the breaks caused by inhomogeneous time series Diolaiuti 2013, Tabari et al. 2011; Jaagu's 2006) . The Mann-Kendall statistic Z mk , was evaluated as follows:
where S denotes the test statistic, which is calculated by the following equation:
where n denotes total years within a time series, and x j and x k are the annual values of years j and k respectively. The function sgn (x j − x k ) is an indicator function that takes the value 1, 0, or − 1 depending on the sign of difference (x j − x k ), where j > k as follows:
Z mk designates an upward and downward trend exhibiting warming and cooling, respectively, for a positive and negative value for a station. The trend becomes significant if the probability under the null hypothesis H o, following a standard normal distribution of (S) is greater than the test statistic Z mk for the selected significance level α. In case of the absence of a trend, the null hypothesis H o becomes true following a standard normal value to choose whether reject H o will be rejected. The two-tailed test is also applied for the detection of whether either a warming or cooling pattern exists at the α level of significance. Similarly, H o is rejected if the absolute value of Z mk > Z 1-a/2 at the same level of significance.
Sen's slope estimator
The changing trends of temperature for each period are assessed by Sen's method (Sen 1968 ). The slope enables the estimation of N pairs of data using the relation as follows:
where the annual values of years j and k were denoted by x j and x k , respectively. N values of Q represented Sen's slope estimator of the median. We obtained this median of the N using standard methods. The smallest to largest N values of Q i were ranked and the Sen's estimator used the following equation: Sen
Non-parametric tests are commonly used to measure the confidence interval and the correct slope of a trend.
Assessment of inhomogeneity
The relative climatic homogeneity was introduced by (Conrad and Pollak 1950) to remove the non-climatic influences in the time series. These non-climatic factors, such as recording gauge relocation and different procedural and observational changes, might be able to create the discontinuity in time series data resulting in inaccuracy (Costa and Soreas 2008) . Aguilar et al. (2003) reported that a homogeneous climate time series is defined as one where variations are caused only by climatic change. They also proposed that "it is important, therefore, to remove the inhomogeneity or at least to determine the possible error they may cause." WMO (1983) defined a climatic normal as a period of a climatic element temperature/precipitation calculated for a more extended and normal period of three consecutive 10-year periods. These normals are usually calculated for 30 years beginning at the start of a decade. If the available data reflect both current observation practices and climate at the particular station, then averages for a shorter period (10 years) can also be acceptable in case of unavailability of a 30-year data record (Guttman 1998) . The same author also proposed that the non-climatic factors in actual practice, such as moving of observing sites and instrument, installation of a new instrument, changing observing methods and codes, and sensor calibration/ changing are not constant. Alexandersson (1986) reported a statistic T (k) to compare the mean of the first k years of the record with that of the last n − k years as follows:
Standard normal homogeneity test (SNHT)
where When a break is observed at the year K, then T (k) reaches a maximum near the year k = K. The test statistic T 0 is calculated as follows:
A similar test was further studied by Jaruskova (1994) . The following equation gives the relationship between test statistic T (n) and T o :
3.7 Homogenization of temperature time series
We have applied a common method of Multiple Analysis of Series for Homogenization (MASH) used by Szentimrey 2008. This method follows a relative approach for the detection and correction of inhomogeneity in the temperature time series. The purpose of applying this method was to make the assurance of an extensive trend identification as precise as possible so that it could be used to explain the climate of this region more reliably. The trend analysis becomes doubtful and unable to present likely outcomes of the climate and its provoking effects if it contains artificial shifts and biased data. The sole purpose of adopting this particular method involved unavailability of metadata from all the stations used in the present study. The MASH can use metadata automatically instead, giving as input values: This method is breifly explained as follows; where Zj and Xj are optimal difference in time series and candidate time series; IH j (t) denotes inhomogeneity; Σi≠jλiXi(t) is the sum of reference series; λi is wighing facor which eliminates the noise ε zj (t). The resulting vector is given in eq.13 where C c,ref represents covarience vector of reference and candidate time series and C c,ref shows covarience matrix of reference time series.
4 Results and discussion 4.1 High-altitude temperature range
We presented annual and seasonal temperature for eight meteorological stations (> 2000 m.a.s.l) in the form of a box-and-whisker plot to provide a detailed distribution of data. The principal objective for including high-altitude stations is to investigate the effect of high-altitude warming. Widespread trend analysis of these stations is also carried out to evaluate warming/cooling trends versus elevation. The median annual T max of Khunjrab (4440 m.a.s.l) station remains at − 1°C, and the maximum value ranges below 0°C, as shown in Fig. 2 . Similarly, the minimum temperature remains below − 2°C. For the autumn, the median is in the 0°C range, and the maximum and minimum range between 1 and − 1°C. The spring median remains above 0°C, and temperature mostly falls above this temperature range. We also noted outliers in data ranging from − 1 to − 2°C. The summer median remains at 9°C, and minimum temperature ranges between 8 and 10°C. We noted an outlier at 5°C during 2007 for the Khunjrab station. During the winter, the median remains at − 11°C, and most values remain below − 10°C. We noted outliers in data during (2005) (2006) (2007) (2008) at − 7°C and − 12°C, respectively. We present a comprehensive statistical data distribution in Figs. 3 and 4 for the minimum and mean temperature, respectively, of these high-altitude stations.
Inhomogeneity in temperature time series
We have applied the SNHT test to assess the inconsistency in temperature time series for the low-altitude stations rather than including high-altitude (DCP) stations due to homogenous and high-quality data assurance (Hasson et al. 2015) . Our analysis exhibited inhomogeneity at eight stations in maximum and minimum temperature as shown in Table 2 . Previous studies reported the inhomogeneity in minimum temperature at Bunji (Archer and Fowler 2004 ) and annual mean temperature at Gilgit, Skardu, and Astore (Forsythe et al. 2014 ) and at Gilgit, Gupis, Astore, and Skardu (Rio et al. 2011) . Whereas the recent studies (Khattak et al., 2011; Bocchiola and Diolaitia 2013; Minora et al. 2013 ) were unable to address the homogeneity of time series data, Hasson et al. (2015) reported the inhomogeneity in minimum temperature at low-altitude stations including Astore, Bunji, Chilas, Gilgit, and Gupis with the exception of Skardu. Our results are inconsistent with the above mentioned studies, as we found inhomogeneity in the record of the maximum temperature at Bunji, Chitral, Gupis, Skardu, and Risalpur, whereas the minimum temperature inhomogeneity was observed at Drosh, Gilgit, Kohat, and Skardu. Due to already scarce data availability and a limited number of stations, we were unable to exclude such stations from the time series analysis whose homogeneity was compromised for a singular year. This issue was resolved due to creating further four-time series as inhomogeneity was observed in different time series rather than the entire data length. We have mentioned the stations in each time series in figures, where data were not homogenous for the specific stations, in order to avoid any doubt in regarding the trend analysis (Table 2 and 3).
Trends in maximum temperature
Climatic conditions of the UIB are extremely variable regarding temperature. During the first data series, we found significant negative trends at Chilas and Cherat, at rates of 0.15 and 0.23°C/decade, and positive trends at Skardu and Risalpur, at rates of 0.34 and 0.92°C/decade. During the second time series, Bunji, Chilas, Peshawar, and Risalpur showed significant negative trends, at rates of 0.51, 0.26, 0.32, and 0.16°C/ decade. During the third data series, Bunji, Peshawar, and Risalpur showed downward trends at rates of 0.67, 0.24, and 0.11°C/decade; only Skardu showed an upward trend, at a rate of 0.34°C/decade (Fig. 5c upper) . During the fourth data series, Bunji, Gupis, Kohat, Risalpur, Naltar, Skardu, Yasin, and Ziarat showed significant negative trends, at rates of 0.22, 0.6, 0.11, 0.21, 0.7, 0.39, 0.9, and 0.4°C/decade, respectively, while Drosh, Peshawar, and Khunjrab showed positive trends, at rates of 0.18, 0.39, and 0.61°C/decade (Fig. 7a) (Fig. 7b ). Our findings are inconsistent with seven stations within UIB showing increased annual maximum temperature analyzed by Fowler and Archer (2006) . However, our results supported the results of (Hasson et al. 2015) , who noted dominant cooling trends in the UIB at the stations examined in this study (Chilas, Gilgit, and Skardu). 
Trends in minimum temperature
We observed inhomogeneous data of minimum temperature at Chitral, Drosh, Gupis, Gilgit, and Kohat, as shown in Table 2 .
We found a pattern of significant negative trends for T min similar to those noted for T max . We found significant negative trends at Bunji, Chilas, Cherat, Dir, Drosh, Gupis, Kakul, Risalpur, and Skardu, at rates of 0.34, 0.25, 0.17, 0.14, 0.39, 0.45, and 0.89°C/decade, respectively (Fig. 5a, lower five of which were dominantly negative trends. Cherat, Drosh, Gupis, Saidu Sharif, and Skardu showed downward trends, at rates of 0.61, 0.15, 0.43, 0.26, and 0.22°C/decade, respectively, while Astore, Chilas, Gilgit, and Kakul showed upward trends, at rates of 0.24, 0.19, 0.69, and 0.31°C/decade, respectively. We found that seven out of twenty stations dominantly exhibited cooling at eight stations (Fig. 8a) . Cherat, Drosh, Gupis, Kakul, Naltar, Skardu, Ushkore, and Yasin exhibited negative trends, at rates of 0.6, 0.84, 0.4, 0.14, 0.7, 0.37, 0.31, and 0.6°C/decade, respectively. Only three stations, Astore, Dir, and Ziarat, showed significant positive trends, at rates of 0.17, 0.19, and 0.63°C/decade, respectively. We noted a similar pattern of downward trends seasonally. During the winter, 12 stations exhibited significant downward trends: Astore, Gilgit, Gupis, Dir, Kakul, Kohat, Peshawar, Saidu Sharif, Skardu, Naltar, Yasin, and Ziarat, at rates of 1.12, 0.58, 0.4, 1.17, 0.2, 0.85, 0.1, 0.23, 0.73, 0.24, 0.7, and 0.5°C/decade, respectively. Chitral, Cherat, Drosh, and Ushkore showed significant upward trends, at rates of 0.67, 0.28, 0.67, and 0.45°C/decade, respectively. During the autumn, most of the stations exhibited significant downward trends: Astore, Bunji, Drosh, Kakul, Kohat, Risalpur, Skardu, and Yasin, at rates of 0.39, 0.58, 0.15, 0.18, 0.17, 1.55, 0.33, and 0.81°C/decade, respectively (Fig. 8b) . Only Ushkore showed a significant upward trend, at a rate of 0.48°C/decade. We noted a significant downward trend during the summer at Chitral, Drosh, Saidu Sharif, Skardu, Naltar, Yasin, and Ziarat, at rates of 0.4, 0.26, 0.17, 0.22, 0.7, 0.12, and 0.48°C/decade. Only Astore, Dir, and Gupis showed significant upward trends, at rates of 0.49, 0.19, and 0.18°C/decade. During the spring, Bunji, Dir, Gupis, and Naltar revealed significant cooling, at rates of 0.17, 0.2, 0.12, and 0.7°C/decade. Only Yasin and Ziarat exhibited significant upward trends, at rates of 0.34 and 0.69°C/decade.
Trends in mean temperature
We found significant negative trends in T mean at Bunji, Cherat, Gupis, and Kakul, at rates of 0.21, 0.11, 0.27, and 0.31°C/ decade, respectively (Fig. 6a, upper) . However, Drosh and Risalpur showed significant positive trends, at rates of 0.17 and 0.26°C/decade. During the second series, Bunji, Cherat, Gupis, and Risalpur exhibited significant negative trends of 0.26, 0.17, 0.13, and 0.44°C decade, respectively, while Chilas, Drosh, and Skardu showed significant positive trends, of 0.16, 0.28, and 0.12°C/decade, respectively. During the third data series, Chilas, Cherat, Drosh, and Gupis showed significant positive trends, at rates of 0.24, 0.19, 0.13, and 0.27°C/decade, respectively, while Risalpur and Skardu showed significant negative trends, of 0.21 and 0.17°C/decade, respectively. In the fourth series, Gilgit, Gupis, and Risalpur exhibited significant positive trends, at rates of 0.21, 0.14, and 0.29°C/decade, respectively, while Ushkore, Naltar, and Yasin revealed significant negative trends, of 0.5, 0.24, and 0.8°C/decade (Fig. 9a ).
We found that during the summer, T mean for Gupis, Drosh, Peshawar, Risalpur, Naltar, Yasin, and Ziarat showed downward trends at rates of 0.28, 0.13, 0.11, 0.16, 0.31, 0.21, and 0.12°C/decade, respectively (Fig. 9d ). During the autumn, 8 stations showed significant trends: Cherat, Kakul, Naltar, and Yasin exhibited negative trends at 0.71, 0.78, 0.78, and 0.49°C/decade, respectively, while Chitral, Gilgit, Peshawar, and Saidu Sharif showed positive trends at rates of 0.23, 0.38, 0.34, and 0.21°C/decade, respectively, during the fourth series. During the spring, Ziarat and Khunjrab showed significant positive trends, at rates of 0.26 and 0.13°C/decade, while Naltar and Yasin showed significant negative trends, of 0.16 and 0.31°C/decade, respectively. During the winter, Chilas, Gilgit, Kakul, Risalpur, Ushkore, Naltar, and Yasin showed significant negative trends, at rates of 0. 49, 0.51, 0.19, 0.25, 0.9, 0.17, and 0.71°C/decade, whereas Chitral, Khunjrab, Peshawar, and Skardu exhibited significant positive trends, at rates of 0.9, 0.18, 0.21, and 0.11°C/decade, respectively. These results support the idea of cooling at Bunji and Gupis and show good agreement with Sheikh et al. (2009) of cooling in the mean annual temperatures at Gilgit, Gupis, and Bunji stations during the monsoon period (June-September), though generally we found dominant warming during the fourth time series.
Trends in diurnal temperature range (DTR)
Only four stations revealed significant trends during first data series: Gilgit and Peshawar showed upward trends, at rates of 0.37 and 0.19°C/decade, while Chilas and Cherat exhibited downward trends, at 0.15 and 0.23°C/ decade, respectively. In the second series, three stations showed significant downward trends: Bunji, Chilas, and Peshawar, at rates of 0.11, 0.15, and 0.28°C/decade, respectively. Only Risalpur showed a significant upward trend, at a rate of 0.29°C/decade. In the third series, Bunji and Risalpur showed significant downward trends, at rates of 0.29 and 0.19°C/decade, respectively. In the fourth series, Chitral, Gupis, Kohat, Khunjrab, Ushkore, Naltar, Saidu Sharif Yasin, and Ziarat showed significant downward trends, at rates of 1. 92, 0.39, 0.99, 0.8, 1.08, 0.58, 0.57, 0.46, and 0.19°C/decade, respectively. Only Skardu exhibited a significant upward trend, at a rate of 0.29°C/decade. For the summer during the fourth data series (Fig. 10d) , we found significant downward trends for Astore, Gupis, Kakul, Saidu Sharif, Peshawar, Risalpur, Kohat, Khunjrab, Naltar, Ushkore, and Yasin, at rates of 0.8, 0.51, 0.61, 0.46, 1.1, 0.43, 0.57, 0.7, 0.34, 0.17, and 0 .18°C/decade. Only Skardu showed a significant increasing trend, at a rate of 0.29°C/decade. During the autumn for the fourth series, Chitral, Chilas, Gupis, Khunjrab, Naltar, and Yasin exhibited significant cooling at rates of 0.56, 0.16, 0.31, 0.61, 0.8, and 0.84°C/decade, with only Skardu and Ziarat showing significant warming of 0.64 and 0.78°C/decade. During the spring, Chilas, Gupis, Khunjrab, Naltar, Saidu Sharif, and Yasin showed significant downward trends, at rates of 0.8, 0.7, 1.1, 0.51, 0.4, and 0.36°C/decade, while Gilgit and Ziarat showed significant upward trends of 0.61 and 0.54°C/decade respectively. During the winter Chitral, Kakul, Khunjrab, Peshawar, and Skardu showed significant downward trends, of 0.11, 0.58, 0.21, 0.42, and 0.25°C/decade, while Gupis, Naltar, and Yasin revealed significant upward trends of 0.49, 0.26, and 0.84°C/decade (Fig. 10e) .
Discussion
We observed the temporal changes over this region, which significantly exhibited a definite pattern of decreasing annual temperature during all data series, but most robustly within the fourth data series. Previous studies examined these stations within the UIB but were mostly restricted to low-altitude stations having a limited length of records. We present a comprehensive analysis based on updated accessible data of high-as well as low-altitude stations ranging from 900 m to 4500 m.a.s.l.
Our T max trend analysis suggests cooling tendencies annually and seasonally. Predominantly, summer and winter cooling increased during all data series, notably the first and fourth, while for autumn and spring, most stations exhibited insignificant decreasing trends, particularly during the third and fourth data series. The daily mean temperature is used as a measuring tool for the assessment of climate change studies. However, complex inconsistencies of climate cannot be explained solely by mean temperature (Qu et al. 2014 ). Sun and Zhang (2006) reported that mean temperature trends are usually dictated by fluctuations in the daily maximum and minimum temperature. One would, therefore, expect that DTR can also be used as an indirect indicator of climate change (Karl et al. 2015) . Previous studies (Karl et al. 1984 (Karl et al. , 1991 (Karl et al. , 1993 have briefly explained the role of DTR by reporting a steady decrease in the United States of America (USA), attributed to the reduction in daily temperature and stagnant daily maximum temperature. They additionally noted the role of cloud cover and land-use changes and concluded that DTR decreased during cloudy days. We find most of the stations exhibit significant trends of DTR at low-as well as high-altitude stations. Our findings are consistent with results of global DTR decrease (Jones et al. 1999 ) and decrease within northeast China, but in direct contrast to findings within the UIB (Fowler and Archer 2006) and over India (Yadav et al. 2004) . We find significant warming at Astore and Bunji, in agreement with Hasson et al. (2015) , who reported long-term warming at low-altitude stations, contrary to the trends at high altitude (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) . We find a similar pattern of decreasing trends, except at Ziarat, which shows significant warming, at a rate of 0.3°C/decade, contrary to Hasson et al. 2015 . The summer decreasing trends during the last two data series are dissimilar to the idea of DTR reducing worldwide and within northeast China. This is attributed to the stronger cooling effect in T max and T min in our study. The observed decreasing trends of DTR during the spring reflect more substantial cooling in T max and T min in the spring. When compared to the standard and adjacent regions, the UIB features some typical patterns of trends, though for different reasons. Archer and Fowler (2006) attributed the area-wide increase in DTR in the western Himalaya to atmospheric circulation. Our outcomes partially agree with the findings of Hasson et al. 2015 who reported a substantial decrease in DTR during (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) . They reported, overall, that high-altitude stations exhibit a less strong but robust pattern of yearly decrease in DTR compared to low-altitude locations.
We found a cooling trend for T max in the autumn at Gilgit and Bunji during last two data series, which is consistent with Archer 2006 and Hasson et al. 2015 . During the summer, however, we observe steady warming trends at Astore and Bunji, which is inconsistent with these authors. We also find cooling tendencies during the spring and winter, consistent with Khattak et al. 2011 and Archer 2006 . Our results are inconsistent with the results discussed (warming or insignificant trends) by Hasson 2015.
We noted a stronger cooling effect during the summer in T max and T min. This cooling effect becomes more active regarding its magnitude and the number of stations at which it appears during the fourth data series. A similar significant cooling effect is noted at high-altitude stations. Cook et al. (2003) reported the same cooling tendencies and attributed this phenomenon to the South Asian summer monsoon system over the Karakoram. These results support the idea of increasing cloud cover and wet days and the extension of the monsoonal domain (Hasson et al. 2015) . However, our results are only partially consistent with the findings of the studies mentioned above as we noted significant and constant warming at Astore, Bunji, and Saidu Sharif during the fourth data series. This is attributed to decreased monsoonal precipitation and a weaker impact of the Asian monsoon (Latif et al. 2016) . We observed a significant increase in T max and T min during the autumn, including at high-altitude stations. These results do not agree with the findings of Khattak et al. (2011) and Hasson et al. (2015) , who reported the highest warming during the winter and spring, respectively. Conversely, the maximum warming was observed during the autumn. We also observed similar warming trends at high-altitude stations, but they were statistically insignificant. These results are consistent with Hasson et al. (2015) , who also found statistically significant dominating warming trends on an annual timescale at the five stations including Gilgit, which showed warming at a rate of 0.4°C/decade. We also found significant cooling at Skardu, at 0.4°C/decade, as reported by the same authors. Our results are inconsistent with those of the IPCC (2013) of decreasing spring snow-cover extent in the Northern Hemisphere and worldwide. The warming pattern during the autumn at most of the stations is also inconsistent with decreasing snow cover regionally (Hasson et al. 2014; Tahir et al. 2011 ). However, our results are in phase with the findings of Mukhopadyay et al. (2014) , who reported an insignificant increase in snow cover area during 2000-2010. The changes in cloud properties and cloud cover control shortwave and longwave radiation, maintaining the energy budget. Liu et al. (2009) reported decreasing cloud cover during daytime and increasing low-level clouds at night. Duan and Wu (2009) attributed this phenomenon to warming (increasing T min ). We noted steady warming trends at Khunjrab and Naltar that might be associated with such occurrences. Muhammad and Tian (2016) reported a slight decrease in glacier area, but an increase in the debris cover of glaciers in the Karakoram. These results support the idea of mass loss attributed to warming over high-altitude regions reported by different authors. Such findings and assumptions require further detailed analysis based on field excursions and data collection.
Conclusions
We observed cooling and warming amplifications over the high mountains with significant and insignificant magnitudes appearing within different data periods and seasons during 1961-2013. The major outcomes of this study are summarized as follows 1. Temporal changes in T max during the fourth data series seem more robust than the rest of the series over the entire UIB. We have noted a strong summer and winter cooling at low and high-altitude stations. The spatial distribution of trends revealed that the northern stations Bunji and Skardu showed significant cooling in the fourth series. Khunjrab, Naltar, southwestern stations (Drosh), and lower-reach catchments (Peshawar) have shown significant warming during the last two decades. T max revealed cooling and warming during the second and third series, but autumn exhibited a robust cooling pattern during the fourth series. The spatial analysis confirmed that Skardu and Chilas showed cooling; foothill catchments (Cherat and Kakul) also exhibited cooling during 1961-2013, whereas Ziarat revealed a warming tendency annually and during the spring. 2. Autumn and summer T mean indicated warming, particularly during the third and fourth series. Ziarat and Khunjrab revealed robust warming, which is stronger during the spring, at rates of 0.26 and 0.13°C/decade attributed to EDW. Warming of the climate may result in glacier mass loss, rendering an increased annual short-term glacier melt contribution to stream flows (Miller et al. 2012 ). 3. DTR revealed a complex behavior (insignificant) compared to other constraints in the UIB during the first three series, but summer DTR showed cooling at most stations. Khunjrab exhibited continued cooling throughout the season. The temperature will be rising more rapidly if the precipitation pattern continues decreasing at the same rates, thereby resulting in a stressful condition for water resources (Latif et al. 2016) .
Contemporaneous investigation of 20 climatic stations temperature (summer cooling) yielded results partially supporting the Karakoram Anomaly (Hasson et al. 2015 , Minora et al. 2013 , Hewitt 2005 , Kääb et al. 2015 and increasing snow cover (Mukhopadyay et al. 2014 ), as we noted significant warming at high-elevation Khunjrab and Naltar. However, these results are inconsistent with EDW, since we find cooling at most of the high-altitude stations, particularly within Gilgit and Hunza Basins. Our results are unable to support the prevailing supposition of rapid melting or disappearing glaciers within the UIB (Karakoram) due to global warming. These results are partially consistent with EDW, since we find significant warming over Khunjrab and Naltar during the autumn and spring but cooling during the summer and winter. This analysis concludes that decreasing temperature dominates the UIB, both temporally and spatially, including some high-elevation stations. Nevertheless, these earliest outcomes need to be validated using additional data collected in the field and different variables indicating changing climate at high altitude.
